We propose a smelting reduction process for titanium that uses a flux without any added deoxidizer, such as metallic calcium. For the smelting flux, material from the CaO-Al 2 O 3 -ZrO 2 ternary system was utilized, and an arbitrary quantity of TiO 2 was added to the ternary flux. The mixed TiO 2 -bearing quaternary flux was electrochemically treated in a reaction cell made of CaO-stabilized ZrO 2 solid electrolyte above the melting temperature of titanium. Small, lustrous particles were observed on the crushed flux surface after smelting and quenching, and these were analyzed by optical microscopy, X-ray diffractometry, energy-dispersive X-ray spectroscopy (EDX) during scanning electron microscopy, and wavelength-dispersive X-ray fluorescence spectroscopy. The formation of metallic titanium was confirmed by the X-ray diffraction data and elemental mapping by EDX, and was determined to be reasonable from thermodynamic investigations.
Introduction
The high specific strength and corrosion resistance of titanium alloys are useful in many industrial products such as airplanes, automobiles, bicycles, and buildings. The industrial production of titanium is typically performed using the Kroll method, a reduction process. In the Kroll method, titanium ore, which is rutile (TiO 2 ) and ilmenite (FeTiO 3 ), is first chloridated to TiCl 4 . Next, the TiCl 4 is reduced by metallic magnesium to metallic titanium in the form of "sponge titanium". High-grade commercial sponge titanium is 99% pure and includes 400 ppm of oxygen and 800 ppm of chlorine, and merely commercial-grade sponge titanium having 97% purity (upper 90s for the low-grade material) is used for general purposes by major manufacturers. The sponge titanium is typically arc melted and shipped as titanium products or titanium alloy ingots.
The residual oxygen impurities in the titanium products or alloy ingots are known to be at levels as high as 1000 to 3000 ppm by mass, although the concentration of oxygen varies with the manufacturing process. The influence of the impurities on the mechanical and corrosion properties of the base materials is significant and important. For example, a negative impact of oxygen on the formation of an amorphous structure 1) and its resulting mechanical properties 2) has been reported. The purity of titanium and titanium alloys intended for commercial use is typically high just after reduction by the Kroll method, and it decreases with further alloying processes, even the arc-melting process, used to produce ingots. Since the equilibrium oxygen partial pressure ðP O 2 Þ of Ti/TiO 2 , obtained from thermodynamic data 3) as log½P O 2 ¼ À29 at 1300 K and log½P O 2 ¼ À18 at 1800 K, is difficult to achieve industrially, the oxygen content in ingots or industrial products usually increases, depending on the temperature and duration of the process.
Titanium refining and reduction techniques have been investigated by many researchers, and the common methods were compared by Okabe. 4) For the characteristic refining techniques, Okabe et al. 5) have attempted to electrochemically deoxidize titanium in molten CaCl 2 and have investigated the relation between applied voltage and dissolved oxygen content. They concluded that deoxidation occurred by the electrochemical reduction of Ca in the molten CaCl 2 . Deoxidation of titanium using metallic calcium without electrochemical techniques is also thermodynamically feasible 68) and applicable to the reduction of titanium. 9, 10) Aluminum can also be used as the deoxidant.
11) The use of metallic calcium as the deoxidant element is not easy because the vapor pressure of calcium and its oxygen affinity are quite high, and the aluminum-based method is not capable of preparing high-purity titanium ingots. On the other hand, the electrochemical method incorporating a suitable flux is a high-speed purification process and seems to be efficient at reducing titanium oxide. 12, 13) Here, we propose a smelting reduction of titanium via application of an electrochemical method using a suitable flux because traditional smelting reduction is a highefficiency process applicable to other metallic materials such as iron. Because the use of metallic calcium in the titanium reduction process is not inefficient, we developed an electrochemical method considering the following risks: The vaporization pressure of calcium is very high at the melting temperature of titanium, and it is difficult to add calcium to the molten flux under blowing gas.
14) The solubility of calcium in molten titanium is limited, 8) and a desirable concentration of solvated oxygen cannot be achieved when the molten titanium is deoxidized by calcium.
We focused on a CaO-stabilized ZrO 2 solid electrolyte, and conducted the smelting reduction of titanium using a suitable flux in a CaO-stabilized ZrO 2 crucible. A flux composition was selected in the CaO-Al 2 O 3 -ZrO 2 ternary system, 15) whose constituent metallic oxides have high oxygen affinity. This flux can be equilibrated with the CaO-stabilized ZrO 2 solid electrolyte at a suitable composition. Titanium oxide powder was mixed with the flux and melted in the CaOstabilized ZrO 2 crucible. The electrode, made of the CaO- © 2014 The Japan Institute of Metals and Materials stabilized ZrO 2 solid electrolyte, was inserted in the molten flux so that the flux can be electrochemically treated. Our goal is to develop high-speed titanium reduction and smelting processes based on new concepts, and have investigated the formation of metallic titanium using thermodynamics derived from experimental results.
OxygenRemoval Concept
CaO-stabilized ZrO 2 is a typical solid electrolyte and carries oxygen ions from the high-P O 2 side to the low-P O 2 side upon heating above 800 K. The flow rate of oxygen ions is a function of the temperature and the P O 2 s on either side of the electrolyte. When an electric circuit is constructed, as shown in Fig. 1(a) , a potential difference (or electromotive force, E) is established between both sides of the solid electrolyte. E can be determined by an electrochemical thermodynamics calculation as
where R is the gas constant, T is the temperature, F is the Faraday constant, and P O 2 Ã and P O 2 ÃÃ are the partial pressures at the high (" * ") and low (" ** ") pressure surfaces of the solid electrolyte. This circuit is called an "oxygen concentration cell" and finds practical use as an oxygen sensor. Figure 1(b) shows an oxygen pump that employs the characteristic property of the solid electrolyte. O 2¹ ions are carried from the low-P O 2 side to the high-P O 2 side when a potential difference opposite that of the oxygen concentration cell is applied via the external circuit. When the partial pressure at a surface is held at the equilibrium P O 2 of the metal/metallic oxide used as an oxygen pump, the metallic oxide (such as titanium oxide) at this surface is reduced to the lower valence state. Thus, it is possible to reduce the metallic oxide without using any deoxidant (such as metallic calcium), because the oxygen in the oxide is transported to the opposite surface through the solid electrolyte. showing the reaction cell, thermocouple, and oxygen sensor in the furnace, are in Figs. 2(b) and 2(c), respectively. The reaction cell (crucible) was made of 11% CaO-stabilized ZrO 2 (Nikkato Corporation). Its outer diameter was 15 mm, its inner diameter was 11 mm, and its height was 50 mm. The cell was filled with a mixture of the flux powder (4 g) which was dried separately in another furnace at 1473 K. A platinum wire was attached to the reaction cell near the bottom for use as an electrode, and a 13% Rh-Pt wire was bonded to the platinum wire near the attachment point for use as an R-type thermocouple. The platinum and Rh-Pt wires were guaranteed for use as a thermocouple. The thermocouple was calibrated using a cold junction based on the water/ ice equilibrium temperature. Temperature was measured as a potential difference. The reaction cell was bonded to an alumina rod, as shown in Fig. 2(b) , and was hung from the top of the furnace, as shown in Fig. 2 
Experimental Procedures

Preparation of the reaction cell
(c).
The furnace was heated to 1963 K at 0.08 K/s (300 K/h) after purging with a argon gas flow (0.3 to 0.8 N ml/s) dried using columns of silica gel, P 2 O 5 powder, and a deoxidation furnace. After confirmation of the melting of the flux, an electrode made of an 11% CaO-stabilized ZrO 2 solid electrolyte joined to the Pt wire was inserted at the center of the reaction cell, and the desired voltage was applied across the solid electrolyte and Pt wire. To ensure growth of the precipitated reduced titanium particles, the flux was mixed using the electrode several times; this increases the collision frequency of the precipitated titanium particles. The furnace was held at a temperature of 1963 K, and the temperature gradient in the furnace at the position of the reaction cell was 2.42.8 K over 4 cm at 1802 K. The temperature near the reaction cell was also measured by means of an independent R-type thermocouple, and P O 2 in the furnace was determined as the difference in oxygen partial pressures between the ambient (air) atmosphere and the atmosphere of the furnace using an oxygen sensor, as shown in Fig. 2(c) . Since the reaction cell is also an oxygen concentration cell when no potential difference is applied, the potential difference (electromotive force) in the reaction cell was also measured several times when the applied electrical potential was temporarily interrupted.
After the reaction cell was in the furnace for the desired time, the reaction cell was cooled (quenched) by dropping it to the bottom of the furnace which was maintained at room temperature. The quenched flux in the reaction cell was carefully crushed and observed, and the products analyzed using optical microscopy, X-ray diffractometry (XRD), energy-dispersive X-ray spectroscopy during scanning electron microscope (SEM-EDX) and wavelength-dispersive type X-ray fluorescence spectroscopy (W-XRF).
Preparation of the flux
The smelting process requires a suitable flux with a lower melting temperature and higher oxygen affinity than the molten metal. The CaO-Al 2 O 3 -ZrO 2 ternary system 15) contains compositions with lower melting temperatures than metallic titanium and is constituted exclusively of metallic oxides with higher oxygen affinity than titanium oxide, according to the Gibbs free energy. Thus, this system satisfies the requirements for the flux in the smelting reduction process. Since a CaO-stabilized ZrO 2 crucible was used in this study, the flux composition was chosen as an equilibrated composition with CaO-solvated ZrO 2 ; 1618) this composition is indicated by the "Zr" mark in the CaO-Al 2 O 3 -ZrO 2 ternary system shown in Fig. 3(c) . The basicity of the selected composition was determined to be 1.07 from the CaO/Al 2 O 3 ratio because Al 2 O 3 is an amphoxide. Additionally, a flux with a basicity of 2.99, which is equilibrated with CaO and marked "Ca", was also prepared.
For flux treatment in the smelting process, the melting temperatures of the compositions equilibrated with the crucibles must be determined. These were estimated from the CaO-Al 2 O 3 binary system, 19) as shown in Fig. 3(a) , since the equilibrated compositions are located at ZrO 2 -poor side of the CaO-Al 2 O 3 -ZrO 2 ternary system. The CaO-Al 2 O 3 binary system is also related to the CaO-Al 2 O 3 -TiO 2 ternary system, 20) as shown in Fig. 3(c) , and the melting temperatures of the equilibrated compositions were estimated from the ternary system. Since the melting temperatures at the equilibrated compositions in the binary system are near 1870 K, the melting temperatures of mixtures of the equilibrated compositions were expected to be lower than 1963 K, even if some elements added to the mixture increased the melting temperature.
Since the equilibrated compositions indicated by "Ca" and "Zr" in the CaO-Al 2 O 3 -TiO 2 ternary system are located at the equilibrium composition of the compound or located in the solid-solution region of CaO between 1628 and 1693 K, it is difficult to predict the states of the mixtures in this cases. To confirm the complete melting of flux, the liquidus line in the CaO-Al 2 O 3 -TiO 2 ternary system was compared with those in CaO-TiO 2 binary system, 21) as shown in Fig. 3(b) . Since the melting or eutectic temperatures of the CaO-TiO 2 based compounds are much higher than those of the equilibrated compositions in the CaO-Al 2 O 3 -ZrO 2 ternary system, it is possible that the mixtures containing a large amount of titanium oxide will not melt. Consequently, we prepared the flux of equilibrated compositions with CaO and CaOsolvated ZrO 2 and limited the addition of TiO 2 to within 50 mol%. The influence of the TiO 2 content was examined from the viewpoint of the melting behavior.
The flux was prepared from CaCO 3 , Al 2 O 3 and ZrO 2 powders, which were "special" grade and "first-class" grade. The flux compositions were determined from the CaO-Al 2 O 3 -ZrO 2 ternary system at a temperature of 1873 K.
15) Specialgrade rutile (TiO 2 ) powder was added to the mixtures, and they were heated to 1473 K using the furnace under ambient atmospheric to dry them and decompose CaCO 3 .
Results
Time dependence of the temperature and current in the cell
We observed the fluxes with various concentrations of TiO 2 and found that fluxes with TiO 2 concentrations greater than 35 mol% possessed higher viscosity and did not look molten; so, we mainly considered the fluxes that included less than 30 mol% TiO 2 . Figures 4(a) and 4(b) show temperature and electric current in the reaction cell, respectively, as a function of time for the flux containing 20% mol% TiO 2 . The temperatures shown in Fig. 4(a) were measured near the reaction cell in the furnace because the thermocouple attached to the reaction cell was snapped off by falling flux or other causes. The temperature rose to 1963 K at a constant rate and was maintained there for the rest of the treatment. The electric current suddenly increased to 0.22 A at 1200 s, and then decreased to about 0.02 A at an applied voltage of 15 V. Afterwards, the current profile consisted of a low baseline with short peaks of arbitrary intensity. The initial period of increased electric current was aligned with the starting point of the electrochemical reduction and depended on the applied electric potential difference. In other words, since the melting of the mixture, which depends on the equilibrium condition at this temperature, was initiated around this time, current was established in the reaction cell at this time. After this initial, temporary current increase, the current was maintained at around 0.02 A for the rest of the observed time. The trial shown in Fig. 4 was terminated at 5700 s, and the molten oxide in the crucible was quenched immediately. Figure 5 shows the surface morphology of the crushed flux after quenching. The sample shown in Fig. 5(a) is the solidified flux produced when an electric potential difference was applied, and the sample shown in Fig. 5(b) is the flux obtained without the application of an external electric potential. The surface morphologies of both fluxes were porous, a texture formed during the quenching process, and their appearance is independent of the presence of an external electric potential. Although the color of the flux produced without the addition of an electric potential difference was pale pink, which was observed in the CaO-Al 2 O 3 -ZrO 2 ternary flux experimentally, 18) the flux produced under an applied electric potential difference looks blue at the bottom of the crucible (reaction cell) and white at the top of the crucible. This flux was observed by optical microscope, and small, lustrous particles can be seen on the crushed flux surface, as shown in Figs. 5 
Observation of the quenched flux
(c) and 5(d).
The small, lustrous particles were investigated using XRD, and the diffraction pattern obtained is shown in Fig. 6 . Although the main peaks were comprised of those of several kinds of oxides existing in the CaO-Al 2 O 3 -ZrO 2 -TiO 2 quaternary system, small peaks associated with metallic titanium were found. The constituent elements in the small, lustrous particles were investigated using SEM-EDX. Figure 7 shows the elemental maps and an SEM image of the mapped area of the CaO-Al 2 O 3 -ZrO 2 -TiO 2 quaternary flux sample. From the titanium map in Fig. 7 (a), titanium rich areas were found, as indicated by the white circles. These areas are also indicated on the other maps, and they correspond to areas where the concentration of oxygen and other elements is poor. Although calcium appeared to be dispersed in the marked areas (calcium is generally detected as a contaminant), it is reasonable to believe that the calcium content is also poor. Moreover, the size of the precipitated metallic titanium regions obtained from the SEM-EDX maps was almost 0.1 mm.
Oxygen partial pressure in the reaction cell
The oxygen partial pressure in the furnace was measured by the oxygen concentration cell comprised of the CaOstabilized ZrO 2 solid electrolyte compared to the ambient (air) atmosphere, as shown in Fig. 2(c) . Figure 8(a) shows the dependence of the oxygen partial pressure in the furnace near the reaction cell during the heating process (with a constant heating rate of 0.08 K/s (300 K/h)) on the temperature. Because the oxygen concentration cell was cracked by the temperature difference between the inside of the furnace and the ambient atmosphere, Fig. 8(a) shows the values obtained before cracking; the broken cell was pulled out from the furnace to continue the smelting. The oxygen partial pressure inside of the furnace showed stable values from log½P O 2 ¼ À9 to log½P O 2 ¼ À10 at temperatures between 800 and 1000 K. Although the estimation of oxygen partial pressure at the smelting temperature is difficult since the effective temperature range was only 200 K in the measurement, the oxygen partial pressure at the smelting temperature (1963 K) is expected to be similar to that at the measured temperature range because the temperature dependence of oxygen partial pressure was insignificant.
Since P O 2 in the furnace at the smelting temperature was estimated, the oxygen partial pressure in the reaction cell can be determined from the measured electrical potential difference. Figure 8(b) shows time dependence of the oxygen partial pressure in the reaction cell and the equilibrium oxygen partial pressure of Ti/TiO 2 at the smelting temperature.
3) In the initial measurement period, which corresponded to the period of increasing electric current (cf. Fig. 4(b) ), the measured oxygen partial pressures temporarily reached log½P O 2 ¼ À21 and were much smaller than the equilibrium oxygen partial pressure of Ti/TiO 2 . In the second, third, and fourth measurement periods, the measured oxygen partial pressures seemed to stabilize at log½P O 2 ¼ À15 to log½P O 2 ¼ À16 and were almost equal to the equilibrium oxygen partial pressure of Ti/TiO 2 .
Discussion
5.1 Feasibility of the titanium reduction process using solid electrolyte In this study, we attempted the smelting reduction of titanium oxide using a flux and obtained precipitates with lustrous surfaces, as shown in Figs. 5(c) and 5(d). The precipitates exhibited XRD patterns that indicated the presence of metallic titanium and possessed titanium rich areas where the concentrations of oxygen and other elements were low, as shown in Fig. 7 . Since the oxygen partial pressure in the reaction cell satisfied the thermodynamic requirement for the reduction of the titanium oxide to metallic titanium, as shown in Fig. 8(b) , it is reasonable that the proposed smelting reduction process using chlorine-free flux was successful.
The disadvantage of the thermic reduction process using solid electrolyte is that the treatment limit of the CaOstabilized ZrO 2 solid electrolyte, which is the critical oxygen partial pressure, was determined to be 10 ¹9 to 10 ¹11 atm at 1873 K by Suzuki and Inoue. 22) To investigate the critical oxygen partial pressure of the solid electrolyte, Rapp et al. 23, 24) measured electrical conductivity at various oxygen partial pressures and determined that electronic conduction predominates over ionic conduction below the critical oxygen partial pressure for CaO-stabilized ZrO 2 solid electrolytes. Since the oxygen partial pressure applied to the solid electrolyte reached log½P O 2 ¼ À21 in the present experiment, the critical oxygen partial pressure seems to be irrelevant. Even though electronic conduction is predominant, depending on how the theory of the critical oxygen partial pressure differs at higher temperatures, transportation of the oxygen ions can be accomplished by applying excess forceful electric potential difference, as the experiment demonstrates. Since the oxygen partial pressure in the furnace primarily decreased, and because the differential oxygen partial pressure between the inside and outside of the reaction cell was about 10 ¹10 atm, the desired oxygen partial pressure in the reaction cell might be satisfied by the CaO-stabilized ZrO 2 solid electrolyte. For the desired oxygen partial pressure in the reaction cell, it is known that the reduction of titanium oxide from TiO 2 ¼ Ti 4 O 7 ¼ Ti 3 O 5 ¼ Ti 2 O 3 ¼ TiO ¼ Ti requires specific oxygen pressures, and these oxygen pressures are log½P O 2 ¼ À8:6, ¹9.4, ¹12, ¹14, and ¹19, respectively.
3) Because the oxygen partial pressure in the reaction cell satisfied the reaction condition for TiO ¼ Ti, it is reasonable that the precipitation of metallic titanium would result. However, this reduction condition is only satisfied temporarily. Finally, since metallic titanium could be observed in the reaction cell, it is considered that TiO, which is a thermodynamically unstable, non-stoichiometric compound, 25) was not obtained under the present conditions. Figure 9 shows a schematic diagram of the reaction cell reducing titanium oxide using TiO 2 dissolved in a CaOAl 2 O 3 -ZrO 2 ternary flux. Since the precipitation of titanium could be observed in the blue part of the flux near the electrode inserted in the center of the reaction cell, it is considered that the titanium particles precipitate near the cathode and that they descend from around the electrode and cohere with each other. The amount of metallic titanium was expected to be 0.5 g from the total amount of the TiO 2 dissolved in the 4 g of CaO-Al 2 O 3 -ZrO 2 ternary flux, i.e., the ratio of titanium corresponds to only 0.5 g in the flux of 4 g. Therefore, it is considered that the titanium particles remained dispersed and did not cohere significantly. Moreover, since titanium ions are blue in color at valences such as Ti 3+ , 26) the blue areas of flux around the titanium particles can be interpreted as regions where the electrochemical reduction progressed further than in other areas and so is significantly different visually from the surrounding material in the flux and the flux before the application of the potential difference to the reaction cell. Because the titanium ion condensed in the blue areas of the flux, the estimated amount of the precipitated metallic titanium appears to be smaller than the initial estimate.
Flux composition and time dependence of the
smelting reduction Since a CaO-stabilized ZrO 2 solid-electrolyte crucible was used for the smelting reduction process, the flux composition was selected as the equilibrium composition with CaOsolvated ZrO 2 , as indicated by the "Zr" mark in the CaOAl 2 O 3 -ZrO 2 ternary system shown in Fig. 3 . However, since the basicity of the flux composition is almost "1", and it is in a neutral state, the flux composition is also fixed at the flux composition indicated by "Ca" and equilibrated with CaO having a higher basicity than "1". With increasing basicity of the flux, since the metallic ion concentration increases in the molten flux, a more effective reaction can be expected compared to the neutral state. Although the flux compositions equilibrated with the CaO-solvated ZrO 2 or CaO will vary at different temperatures, the flux compositions are thermodynamically fixed depending on the temperatures eventually, as in our previous studies.
1618)
The flux compositions after the melting and after the electrolysis smelting reduction were measured by W-XRF. They are indicated in Fig. 3 by the "Ca * ", "Zr * ", and "Zr ** " marks on the CaO-Al 2 O 3 -ZrO 2 ternary system. Since the flux composition "Ca * " at 1963 K was significantly shifted to the ZrO 2 -rich side from the equilibrium composition at 1873 K ("Ca") before application of the electric potential difference, the liquid area equilibrated with CaO·ZrO 2 increased with increasing temperature. The flux composition "Ca * " was also continuously shifted to "Zr * " or "Zr ** ", which were the equilibrium compositions equilibrated with CaO-solvated ZrO 2 at the temperature.
Since the equilibrium compositions of the flux were significantly shifted to ZrO 2 -rich side in the CaO-Al 2 O 3 -ZrO 2 ternary system and are required to supply ZrO 2 from the reaction cell (crucible) and the electrode, the electrode made of the CaO-stabilized ZrO 2 solid electrolyte melted into the flux at longer smelting times. Consequently, the application of the electric potential by the electrode inserted in the reaction cell became more difficult because of insufficient conduction conditions that develop as the smelting period increases, as shown in Fig. 4(b) . Moreover, from the time dependence of the electric current, which becomes small after 600 s from the starting point of the electrochemical smelting reduction, and from the equilibrium oxygen partial pressure, which adjusts to the equilibrium oxygen partial pressure of Ti/TiO 2 , the reduction should be performed during the initial time period of 600 s. On the other hand, although we were interested in analyzing the concentration of dissolved oxygen in the precipitated titanium particles, since the titanium particle size was not amenable to reliable analytical measurements, the residual oxygen concentration in the reduced titanium particles will be investigated after obtaining a large amount of metallic titanium from this process.
Conclusions
We have experimentally investigated the smelting reduction process of titanium using an electrochemical method based on a CaO-Al 2 O 3 -ZrO 2 -TiO 2 quaternary flux. The flux in the CaO-stabilized ZrO 2 crucible was heated to 1963 K in a furnace, and the oxygen partial pressure was controlled. An electric potential difference was applied between the flux inside of the crucible and the outside of crucible for about 4.4 ks. The crushed surface of the quenched flux was originally pink and turned blue when the electric potential was applied. Small, lustrous particles were found in the quenched flux, and XRD peaks of metallic titanium were detected. EDX showed that the titanium rich area did not contain oxygen or other elements from the flux. The oxygen partial pressure in the reaction cell (inside of the crucible) reached the equilibrium oxygen partial pressure of Ti/TiO 2 , as determined by measurement made using the setup as an oxygen concentration cell. We propose that the small, lustrous particles were deoxidized metallic titanium, and it is clear that the smelting reduction of titanium using a chlorine-free flux is possible.
